FigTree software. The sequences that did not classified into the two genes were deleted to 1 0 1 construct the accurate amoA and pmoA database containing 30963 and 31044 sequences, Eighteen samples were collected from five types of environmental ecosystems including 1 0 6 agricultural soil, river sediment, drinking water, intertidal zone and activated sludge samples.
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All samples were immediately transported to the laboratory in ice and stored at -20 . Detailed descriptions and detailed parameters of these samples were listed in Table 1 . The abundances of AOA, AOB and CAOB amoA genes were quantified with archamoA 1 1 3 19f/616r (Pester et al., 2012) , amoA 1F/2R (Rotthauwe et al., 1997 ) and the present designed RNase-free H 2 O. The AOA and CAOB amoA gene were amplified under the same condition: an initial 1 1 9 denaturation step at 95 °C for 15 min, followed by 40 cycles of denaturation at 95 °C for 30 s, rRNA, the same condition except for annealing at 58 °C for 30 s and extension at 72 °C for 45 s 1 2 2 was used. Each sample was conducted in three parallels. Standard curves were generated by 1 2 3 ten-fold serially diluted plasmids containing the corresponding gene fragments as the template. Negative controls were conducted in which template DNA was replaced by RNase-free water. Melt curve and 1.5% agarose gel electrophoresis were used to confirm the specificity of the 1 2 6 PCR products. Sequencing. The raw data were filtered and the remained sequences were clustered into 1 3 0 operational taxonomic unit (OTU) at 97% nucleotide similarity with QIIME v1.9.1. The 1 3 1 representative sequence of each OTU were aligned with the reference sequences collected 1 3 2 from NCBI database to construct the Neighbor-Joining tree using 1,000 bootstrap replicates. Diversity indexes and rarefaction curves were also calculated at the OTU level. A principal high-throughput Sequencing data have been deposited at NCBI Short Read Archive (SRA) (5'-CGGACAWABRTGAABCCCAT-3') with the highest specificity and coverage were could only target 18 amoA and 4 pmoA sequences, demonstrating the great potential to
precisely identify the new microbe in complex environments. The abundances of CAOB amoA gene in the five types of environmental samples were
determined via the newly designed primer and the canonical bacterial and archaeal amoA genes
were also quantified for comparisons ( Fig. 1 ). Unexpectedly, ubiquitous and abundant CAOB amoA gene were found to be distributed in activated sludge, intertidal zone, river sediment,
agricultural soil, and drinking water systems.
The abundance of CAOB amoA gene in activated sludge samples ranged from 5.5×10 3 to 1 5 8
3.2×10 4 copies ng -1 DNA, significantly higher than the canonical AOB amoA genes varying 1 5 9 from 9.2×10 1 to 5.6×10 3 copies ng -1 DNA (P < 0.01, Fig. S1 ). Especially in sample XJH and BB, with an exception of sample BB. The numerical dominances of CAOB over AOB amoA also amoA gene were significantly lower with ratios of 0.03 ~ 0.60 to AOA amoA genes (P < 0.01).
In the intertidal zone samples, the abundance of CAOB amoA gene in SZ was below detection
limit and in SH and TJ they were as low as 3.2×10 2 and 1.6×10 2 copies ng -1 DNA, respectively. In river sediment, the abundances of CAOB amoA genes also ranged at relatively lower level
and showed no significant differences with the canonical bacterial and archaeal amoA genes. To explore the community structure, high-throughput sequencing was conducted through clustered excluding the intertidal zone sample SZ1 which was failed in the amplification. The rarefaction curve and Good's coverage (> 0.999) indicated the sequencing was nearly to
saturation in all the environmental samples (Fig. S2) . A neighbor-joining tree comprising 36
OTU representative sequences with proportion higher than 0.5% was constructed (Fig. 2) .
The obtained sequences formed a distinct cluster from the canonical bacterial and
archaeal amoA, indicated the specificity of amplification by the current primer comamoA F/R.
Consistent with previous results, the sequences were branched into two clades, where 64 out significantly between different types of environmental samples (Fig. 3) . Moreover, four strain names and another one were tentatively named as clade A "soil" cluster given that
majority of sequences in this cluster were retrieved from soil environmental samples.
Moreover, the phylogenetic tree clearly showed that only clade A was encompassed in soil and sediment samples (Fig. 4) . cluster N. nitrosa which accounted for more than 98.8% of the total sequences, while the other
three clusters only took small proportions in all the activated sludge samples, especially cluster N. inopinata was only detected in sample XT with a proportion of 1.8%. In drinking water
samples, 93.6% of the sequences retrieved from sample JN were assigned into cluster N. nitrosa
while another sample BJ was dominated by the soil cluster (73.3%) and N. nitrificans cluster 1 9 8
(26.7%). The divergent result was also obtained in the two intertidal zone samples that N. nitrosa cluster took up to 98.7% of the total sequences in sample TJ whereas N. Nitrificans inopinata was not existed in drinking water and intertidal zone samples.
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In sharp contrast to activated sludge, all the soil samples harbored clade B sequences with 2 0 3
proportion ranging from 5.7% to 73.6% and clade A was dominated by the soil cluster instead four soil samples from other environmental samples (Fig. 5 ). In the river sediment samples, LZ another sample SZ was distinct from LZ and SMX but it showed a much similar structure to 2 0 9 activated sludge instead, which was probably attributed to the high ammonia concentration in 2 1 0 the severely polluted river in which sample SZ was collected, demonstrating the importance of 2 1 1 environmental factors in shaping the microbial community structure. The discovery of comammox radically upended the century-old concept of the two-step conversion to nitrite. Therefore, the identification and quantification of CAOB is of great 2 1 7
significance to comprehensive and profound understanding of the nitrogen cycle. As CAOB
do not form a monophyletic group within Nitrospira lineage II, they cannot be distinguished canonical AOB amoA, which become the best candidate of the specific molecular marker to 2 2 2 identify CAOB in complex ecosystems. amplifications were reported (Pjevacet al. 2017; Keene-Beach and Noguera, 2018) . Therefore, CAOB amoA was developed and confirmed by in silico analysis and high-throughput
sequencing, which provided an effective and efficient tool for detecting and quantifying CAOB in complex ecosystems in the follow-up comammox related research. It was noteworthy that the primer set A189/A682 previously designed for detecting pmoA in environmental ecosystems, which was considered to be driven by the two counterparts AOB oxidizers. Intriguingly, the present results revealed that CAOB amoA genes had significantly
higher or comparable abundances with AOB and AOA amoA genes in most environmental
samples, indicating they were probably an overlooked but significant ammonia oxidizer
actively participating in ammonia oxidation.
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In WWTPs, AOB was always proposed to be the main contributor to ammonia oxidation 2 5 9
due to their dominant numerical abundances over AOA. In the present study similar results
were also obtained in most samples with an exception of sample BB that encompassed more 2 6 1 abundant archaeal amoA. The preponderance of AOA could be ascribed to the niche 2 6 2 specialization of AOA preferring low ammonia concentration, low pH value and antibiotic or 2 6 3 petroleum-containing environment (Zhang et al., 2015; Mussmann et al., 2011; Pan et al., 2018) .
Unexpectedly, CAOB amoA genes presented higher abundances than AOB and AOA amoA 2 6 5 genes in all the activated sludge samples, especially in sample XJH and BB the ratio of CAOB to AOB amoA genes reached up to 303.65 and 39.79, respectively. The prevalence of CAOB in 2 6 7 activated sludge was also revealed through the metagenomic survey that CAOB-assigned 
